ABSTRACT Although they provide a number of valuable ecological services, wetlands also may harbor mosquitoes that are vectors of human pathogens. During 2002 and 2003, we measured biological (i.e., abundances of mosquitoes, other insects, and total heterotrophic bacteria, vegetational cover, and dead organic material), chemical (i.e., pH, dissolved nitrate, dissolved nitrite, dissolved phosphate, total alkalinity, and electrical conductivity), and physical (i.e., water temperature, dissolved oxygen, depth, and turbidity) attributes at Þxed survey sites in Beaver Valley Wetlands, a small reconstructed palustrine wetland in Black Hawk County, Iowa. The number of immature mosquitoes was signiÞ-cantly correlated with dissolved nitrate and dissolved phosphate concentrations in both years. During the second year of the study, the number of immature mosquitoes was signiÞcantly correlated with nonpredators and water turbidity, but not with other measured variables. Independent variables explained 87 and 70% of the variability in mosquito numbers per survey site for the 2 yr of the study, respectively. The most common species of mosquitoes developing in Beaver Valley Wetlands were Aedes vexans (Meigen) Culex territans Walker, Uranotaenia sapphirina (Osten Sacken), and Culex tarsalis Coquillet. We compared relative risks of disease transmission by the mosquitoes developing in wetland microhabitats based upon published species-speciÞc infection rates and propensities to bite humans. The majority of mosquitoes and the greatest potential disease risks were associated with temporary pools, which represented a small proportion of the wetlands. Although relatively few mosquitoes developed in Beaver Valley Wetlands, targeted control efforts could dramatically reduce the numbers of mosquitoes produced with minimal impacts upon nontarget species.
WETLANDS FILL CRITICAL ECOLOGICAL roles by providing habitat for resident and migratory organisms, buffering against ßoods, precipitating sediment from streams, and sequestering high levels of nutrients and agricultural chemicals from water. Numerous wetland reconstruction projects have been devised to create habitat for Þsh and waterfowl. However, individuals and public health agencies voice concern about whether wetlands also provide habitat for mosquitoes (Diptera: Culicidae), perhaps increasing the risks of disease transmission. Wetlands have been designed (Walton and Workman 1998) and managed (De Szalay et al. 1996) to minimize mosquito production by reducing emergent vegetation or encouraging natural enemies. Likewise, control efforts aimed at mosquitoes in wetlands have been examined for negative consequences toward nontarget species (Hanowski et al. 1997 , Hershey et al. 1998 , Niemi et al. 1999 , Miles et al. 2002 , Albers et al. 2003 .
Wetlands in Iowa include palustrine, lacustrine, riverine, and seepage types (Bishop and van der Valk 1982) . Historically, many were prairie potholes fed by surface water or seepage through deposits of glacial alluvial soil. High productivity and accumulations of incompletely decomposed organic matter further added to their appeal for agricultural use. After EuroAmerican settlement, the combination of agricultural tiling and stream channeling eliminated 90 Ð95% of natural wetlands in Iowa (Bishop and van der Valk 1982) . Partly as a result, surface water levels, water purity, and migratory waterfowl populations were reduced in the state.
The Iowa Department of Natural Resources 1998 Ð 1999 Water Quality Wetlands Assessment listed Ϸ15,000 ha of natural marsh, Ϸ5,400 ha of artiÞcial marsh, and 30,300 ha of river oxbow and overßow wetlands in the state of Iowa (http://www.iowadnr. com/water/tmdlwqa/wqa/305b/2000/2000_305b.html). Of 125 wetlands assessed for aquatic life use, only Ϸ6% were fully supportive of all assessed uses. By comparison, 38% were threatened for at least one use, and Ϸ57% were assessed as impaired for one or more uses. Agriculture was the most important source category for impairment in 52% of wetlands with silting occurring in 95%, nutrient loading in 87% and pesticide contamination in 19% of impaired wetlands. Mosquito larvae feed directly on suspended or precipitated nutrients or the bacteria that exploit such resources (Merritt et al. 1992) . Therefore, in addition to other negative impacts, silting and excess nutrient loading from agricultural sources may augment mosquito production or alter mosquito species emerging from wetlands in Iowa, thus increasing the potential risks of disease transmission at sites surrounding the larval habitat.
Mosquitoes These species generally seek blood from birds but also attack humans. Numerous species of mosquitoes are listed by the Centers for Disease Control and Prevention (CDC) as able to acquire WNV infections in the wild or transmit the virus in the laboratory, but evidence for their participation in the disease cycle is currently speculative in Iowa and elsewhere.
As part of an integrative undergraduate studentbased research study concerning human impacts on water quality, we measured biological, chemical, and physical conditions at Þxed sites throughout a small, reconstructed wetland in northeastern Iowa and correlated results with larval and pupal mosquito populations. We used these measurements in multiple regression models to explain variation in numbers of immature mosquitoes at sites throughout the wetland. Furthermore, we tested whether diverse microhabitat types within a wetland differentially support development of mosquito species, especially those that may pose an increased risk of disease transmission to humans, domestic animals, and wildlife in areas surrounding the larval habitats. We also estimated relative dead organic matter within the quadrate. We measured water depth and estimated clarity by using a white surveyorÕs rule at the center of the quadrate, and then created an estimate of turbidity with these measures (i.e., turbidity ϭ clarity/depth). Temporary pools of water were included in the survey as they were formed; once a temporary pool was identiÞed, it was included during the remainder of the survey period. Two additional temporary sites that did not form during 2002 were included during 2003. Because they were dry during 2002, their numbers of developing mosquitoes for that year were set at zero. Sites and microhabitat types are indicated in Fig. 1a and b.
Materials and Methods

Beaver
Five dip samples were taken from representative habitat (e.g., open water, permanently ßooded vegetation, and intermittently ßooded vegetation) within the quadrate by using a standard 350-ml mosquito dipper (Clarke Supplies, Roselle, IL), and the contents were inspected in a white enamel pan. Similarly, benthos insects were sampled using a D-net that was dragged 1 m across the center of the quadrate; numbers of insects per site were totaled for each date. Mosquito larvae and pupae were counted, and individuals were collected for adult identiÞcation (Knight and Wonio 1969) ; all individuals captured during dip sampling were collected except from a few temporary sites that contained hundreds of mosquito larvae and pupae; Ͼ50 individuals were collected, reared, and identiÞed from these sites. Other insects were categorized as predators or nonpredators according to life history traits described in Merritt and Cummins (1996) .
We measured pH (Accumet AP63 portable meter with combination glass electrode, Fisher, Pittsburgh, PA), electrical conductivity, temperature (Orion model 130, Orion, Beverly, MA), and dissolved oxygen (HI 9142, Hanna Instruments, Woonsocket, RI) by ßoating the electrical probes in a block of Styrofoam so that the top Ϸ4 cm of water, where mosquito larvae spend most of their time (Merritt et al. 1992) , was sampled. Dissolved nitrate, dissolved nitrite, dissolved inorganic phosphate, and total alkalinity were estimated in the Þeld with Aquachek water quality test strips (Hach Company, Loveland, CO) on a second dip sample after insect identiÞcation. The second sample was then poured into a sterile bottle and transported on ice for estimation of total heterotrophic bacteria (within 4 h of collection). For microbiological analysis in the laboratory, the contents of the bottle were shaken vigorously, and a 0.2-ml aliquot was transferred to sterile water in a 24-well cell culture plate (Costar, Corning, NY). This aliquot was serially diluted across three wells, and 0.1 ml of each dilution was repeatedly transferred into Bacto tryptic soy broth agar (Difco, Fisher, Pittsburgh, PA) in the Þve wells for each dilution. The inoculated plate was incubated at room temperature for 72 h; discoloration of the media indicated bacterial growth. Initial total heterotrophic bacterial content was estimated from the pattern of bacterial growth using a most probable number/ 100-ml sample (MPN/100 ml) index (Clesceri et al. 1998) .
StudentÕs t-tests for independent means were used to compare mean values per site between 2002 and 2003 for all variables measured. PearsonÕs correlation coefÞcients were used to identify signiÞcant correlations between all pairs of variables. Data for 2002 and 2003 were tested separately, and correlations using the maximum number of cases were considered. Multiple regression models using a standard method including all variables (tolerance ϭ 0.0001) were used to account for variation in total mosquito numbers per site for each year. All statistical analyses were done using Statistica (1995) .
Results
The mean number of total mosquitoes and other insects per site did not differ signiÞcantly between 2002 and 2003 (t-test for independent means, Table 1 ). Mean values of vegetation cover, dead organic matter, water pH, total alkalinity, and electrical conductivity were equal for sample sites during the 2 yr. By contrast, water temperature, dissolved nitrite, and total heterotrophic bacterial estimates were signiÞcantly greater during 2002 than the following year, whereas dissolved nitrate, dissolved inorganic phosphate, dissolved oxygen, water depth, and clarity were greater during 2003 (Table 1) .
Mosquito numbers per site were signiÞcantly correlated with dissolved nutrients but not with bacterial estimates, vegetation cover, predatory insects, or most other water qualities. During 2002, the mean number of mosquitoes sampled at each site (N ϭ 24) was signiÞcantly correlated with dissolved nitrate and dissolved inorganic phosphate contents (Table 2) . During 2003, the mean number of mosquitoes per site (N ϭ 26) was signiÞcantly correlated with dissolved nitrate, dissolved inorganic phosphate, turbidity, and nonpredatory insects (Table 2 ). Both nonculicid predatory and nonpredatory insect numbers were negatively correlated with cover, although the relationships were signiÞcant only during 2002. During 2003, there was a highly signiÞcant co-occurrence of mosquitoes and nonpredatory insects (PearsonÕs r ϭ 0.734, Table 2 ). Total heterotrophic bacterial numbers were signiÞcantly correlated with water clarity and inversely with pH during 2002. During 2003, the trends for correlations with bacterial numbers were similar but not signiÞcant.
We used multiple regression models to explain most of the variation in mosquito production from the sites based upon the independent variables; however, because these data were correlation data, no conclusions can be made about cause and effect. For 2002, the model that contained all independent variables accounted for Ͼ87% of the variation in mosquito production (F 16,7 ϭ 3.02; P Ͻ 0.072). The y-intercept was Values shown represent mean Ϯ SD; MPN/100 ml ϭ most probable number/100 ml of water; t-statistic generated by comparison of independent means; degrees of freedom for all comparisons ϭ 48, except for total heterotrophic bacteria with degrees of freedom ϭ 37.
signiÞcant and estimates of dead organic matter and water pH both had signiÞcant betas. Bacterial (P ϭ 0.052) and turbidity (P ϭ 0.10) counts were not signiÞcant in the model explaining mosquito numbers for each site. For 2003 (with fewer sample dates), the model that included estimates for all variables (except bacteria for which there were missing data and dissolved nitrite for which there was no variance) explained Ϸ70% of the variation in mosquito numbers but was again not signiÞcant (F 13,12 ϭ 2.12; P Ͻ 0.102). The y-intercept was not signiÞcant, and none of the independent variables had a signiÞcant beta in the model.
Thirteen species of mosquitoes developed at the sites surveyed, nine during 2002 and 10 during 2003. During both years, the most common mosquito identiÞed from collected immatures was Aedes vexans (Meigen) (56.3% of all mosquitoes) followed by Culex territans Walker (12.2%), Uranotaenia sappharina (Osten Sacken) (11.8%), and Cx. tarsalis (9.3%) ( The majority of mosquitoes collected were from temporary pools that were dry for at least part of both sampling seasons. During 2003, Ps. ciliata, predaceous mosquitoes that feed on mosquito larvae and other invertebrates, were collected from two of these temporary pools. Otherwise, these temporary pools contained numerous developing mosquitoes but few other invertebrate predators and no Þsh.
We categorized all the survey sites among six different microhabitat types (Table 4) . Within each microhabitat type, there was variability in terms of the numbers of mosquitoes encountered (Fig. 2a) . However, there were signiÞcant differences among these habitat types for mean mosquito numbers (analysis of variance, F 5,20 ϭ 12.04; P Ͻ 10
Ϫ4
, analysis performed on log 10 [x ϩ 1] transformed data). Open water sites, which comprised most of the wetland, yielded zero or very few mosquitoes. Six temporary pools (of 26 total sites) accounted for 65.7% of the mosquitoes encountered during the survey and most of those capable of disease transmission. Similarly, there were signiÞcant differences among mean estimates for total heterotrophic bacteria (F 5,19 ϭ 3.23; P ϭ 0.028) ( Table 4) 
Discussion
Most of Beaver Valley Wetlands is made up of microhabitat types where relatively few mosquitoes developed ( Fig. 1b; Table 4 ). Therefore, most of the wetland is unlikely to produce adult mosquitoes. Open water sites likely did not provide sufÞcient cover or nutrient load for larval populations; therefore, these sites supported zero or only a few immature mosquitoes. Sites with permanently ßooded vegetation may have provided cover and sufÞcient nutrient loads for mosquito larvae, but they apparently also were favorable habitat for vertebrate and invertebrate predators. Therefore, few immatures were found in these sites during our survey. There may have been sufÞcient water ßow through these and channel sites so that mosquito populations did not develop. By contrast, vegetation that was intermittently ßooded represented the habitat type with the second highest number of mosquito immatures; these sites had the highest bacterial estimates that might have provided food for mosquito larvae. Similarly, the edges of some open water pools that became anaerobic (as indicated by the sulfurous odor stirred up during our survey) supported mosquito populations.
In addition to supporting various numbers of immature mosquitoes, certain microhabitat sites consistently supported particular species of mosquitoes during the period of our study. Some of these species tend to present nuisance problems in Iowa, whereas others have been identiÞed as key vector species in disease transmission cycles. There are many factors that determine the transmission risk posed by vector mosquito species, one of which is overall mosquito production. It is clear from our study that different microhabitats within Beaver Valley Wetlands differentially produced vector mosquitoes. To evaluate relative comparisons of putative risk, we considered published infection rates for Iowa (Rowley et al. 1973 , Andre et al. 1985 , Gilliland et al. 1995 and unpublished data for West Nile virus generously provided by Wayne A. Rowley ("Iowa mosquito-encephalitis surveillance project, season summary 2003," Department of Entomology, Iowa State University, Ames, IA). Finally, we considered the reported propensities of individual species to bite amplifying hosts and humans (Knight and Wonio 1969) as an indication of relative vector risks for the mosquito species encountered during our surveys (Table 3) .
In addition to supporting the greatest number of mosquito immatures, temporary pools supported the development of mosquito species most likely to serve as vectors of arboviruses (e.g., Cx. tarsalis and Cx. pipiens) for both years of the survey (Table 4) . One site (site F) yielded 2,002 mosquitoes during dip sampling on seven survey dates (i.e., 57.2 immatures per dip) during 2002. This pool was dry during eight visits. Based upon the identities of reared larvae and pupae, 93% of these mosquitoes were Ae. vexans and 7% were predatory Ps. ciliata. Only 63 larvae were found during the second year. During 2003 (with only six survey dates), sampling revealed 417 mosquitoes (13.9 larvae per dip) for a depression site (Q) in a temporarily ßooded pasture including 90% Ae. vexans and 10% Cu. inornata. In total, 717 mosquitoes were sampled at the same site the previous year. (Gilliland et al. 1995) , supporting the observation that many factors inßuence disease transmission risks.
Temporary pools are highly favorable for mosquito development because they had few predators and contained high levels of nutrients. Nutrients may be renewed in temporary pools by runoff or during ßood-ing of the entire wetlands. Ae. vexans, the most common mosquito species found in these temporary sites, oviposits eggs that remain viable between years, as long as they had sufÞcient moisture during embryonation. Submerged eggs can hatch soon after ßooding to release larvae. However, not all eggs hatch upon initial ßooding; therefore, not all individuals perish if the pools are ßooded for periods that are too short for larvae to develop. As a result, there is an increased chance that some adults emerge from these temporary sites, and temporary pools are recurrent sources of mosquitoes in Iowa wetlands and elsewhere. Viral infection rates are relatively low (e.g., one TVT isolate in 671 mosquito pools; Gilliland et al. 1995) in wild populations of Ae. vexans (Rowley et al. 1973) . Ae. vexans females that opportunistically bite infected avian ampliÞcation hosts may transmit virus sporadically as long as the mosquitoes live long enough to complete the extrinsic incubation period. Furthermore, the temporary sites surveyed rarely hosted nonculicid predatory and nonpredatory insects and never held Þsh, so these sites might warrant special monitoring. Berry et al. (1987) demonstrated 90 Ð100% reductions of Ae. vexans and Culex spp. larvae in natural Iowa ßoodwater pools by using two formulations of Bacillus thuringiensis variety israelensis (Bti). Bacillus sphaericus also was effective against Culex spp. larvae but less effective toward Ae. vexans larvae. In a multiyear study in Minnesota wetlands, Hanowski et al. (1997) found no effects of methoprene (an insect growth inhibitor) or Bti toward 19 species of wetland birds. By contrast, Hershey et al. (1998) demonstrated fewer indirect effects upon bird diet due to Bti (which targets nemotoceran Diptera) than methoprene (which is more broadly targeted) in the same Minnesota wetlands. Likewise, Niemi et al. (1999) demonstrated no direct impacts upon zooplankton or breeding bird populations during the Þnal years of the study of Minnesota wetlands. Nonetheless, these authors suggested consideration of undesirable effects on wetlands resulting from controlling mosquitoes that only manifest over the long term.
Temporary pools could be spot treated against mosquitoes by using Bti without much impact toward nontarget vertebrates or invertebrates. Although some temporary sites were used by amphibians, vertebrates are typically unaffected by Bti (Siegel et al. 1987 , Merritt et al. 1989 , Hanowski et al. 1997 , Niemi et al. 1999 . Selected treatment of these sites in Beaver Valley Wetlands, for example, would reduce mosquito numbers by Ϸ65% and eliminate the majority of the species most competent for disease transmission. By contrast, other sites that held relatively fewer mosquitoes were commonly inhabited by both predatory and nonpredatory insects. Due to the strong association between mosquitoes and nontarget insects, control efforts might unintentionally reduce natural biological control of mosquitoes and food resources for Þsh and insectivorous birds.
Although mean numbers of immature mosquitoes were equal between 2002 and 2003 (Table 1) , total mosquito numbers per site (PearsonÕs r ϭ 0.187, P ϭ 0.382, N ϭ 24) were not signiÞcantly correlated between the two years. This was most likely due to the high numbers of mosquitoes from one temporary pool (site F) during 2002 that did not Þll with water for much of 2003. Excluding this site from the analysis resulted in signiÞcant correlations for total mosquito number per site (r ϭ 0.668, P ϭ 0.001, N ϭ 23) between the years. Therefore, sites supported similar numbers and species of mosquitoes for the 2 yr of the survey and thereby posed similar relative risks of disease transmission by mosquitoes. The most troublesome sites could be identiÞed and targeted for control efforts to signiÞcantly reduce mosquito production from year to year at reduced cost, without disrupting most of the wetland.
However, wetlands are not static and are subject to ßuctuations in nutrient inputs or water ßow due to human activities. Increased inputs of dissolved nutrients and bacteria may provide additional resources, thereby altering patterns of mosquito production. Although correlation studies cannot identify the causes for high mosquito numbers, we were interested in investigating correlations between mosquito numbers and the resources that would boost their populations. Based upon the distributions of mosquitoes and total heterotrophic bacterial numbers across sites, we expected signiÞcant correlations between mosquito and bacterial numbers. These correlations were not signiÞcant, perhaps due to too many sites where no mosquitoes were found. However, both dissolved nitrate and phosphate levels signiÞcantly correlated with mosquito numbers during both years of the survey. A study of Beaver Valley Wetlands indicated high levels of dissolved phosphate in the water but less than saturated conditions for its benthos (Schwemm et al. 2005) . Therefore, additional phosphorous might enter Beaver Valley Wetlands without inßuencing mosquito resources, at least over the short term. But continued inputs of agricultural nutrients into IowaÕs surface water may contribute to problems associated with mosquito populations.
Wetlands in midwestern states warrant more study in terms of mosquito production because, in general, they are relatively scattered and, possibly, more discrete than wetlands in other regions of the United States Although wetlands in Iowa do produce mosquitoes, their value as habitat and the ecological services they provide justify the protection of existing wetlands and reconstruction of new wetlands. At least for Beaver Valley Wetlands, the risks of disease transmission to humans seem relatively low based upon the numbers and species of mosquitoes developing there. The limited beneÞts gained from insecticide-based control of mosquitoes in wetlands may not be justiÞed in view of negative impacts due to insecticides. If control seems to be warranted to signiÞcantly reduce virus transmission by mosquitoes to humans and other animals, insecticide applications should be site-speciÞc, based upon numbers and identities of mosquitoes produced within wetland microhabitats.
